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ABSTRACT 
This inves t iga t ion  was d i rec ted  a t  determining t h e  f e a s i b i l i t y  of  
employing l a s e r  beam holography f o r  t h e  de tec t ion  and charac te r i za t ion  of  
bond defec ts  i n  composite ma te r i a l  s t r u c t u r e s .  With u l t r a s o n i c  e x c i t a t i o n  
of t h e  composite ma te r i a l s ,  time-average holography was shown t o  be capable 
o f :  de tec t ing  disbonds as small  a s  0 .5  cm. square,  determining t h e  s i z e  and 
shape of  disbonds and t h e  detec t ion  of  disbonds under a s  much as  1 .25  mm 
of composite ma te r i a l  bonded t o  aluminum and t i tanium. Thermal s t r e s s i n g  
of t h e  composite mater ia ls  was shown t o  be i n f e r i o r  t o  acous t i ca l  s t r e s s i n g .  
Thermal mapping of  t h e  disbonds was shown t o  be i n f e r i o r  t o  time-average 
holography. It was concluded t h a t  the  technique i s  an e f f e c t i v e  one f o r  
l o c a t i n g  disbonds, bu t  t h a t  f u r t h e r  development i s  requi red  t o  implement 
a p r a c t i c a l  inspect ion  system. 
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SUMMARY 
Presented herein  a r e  t he  r e su l t s  of a study performed over the  l a s t  s i x  
months (1 May 1970 through 1 November 1970) under Contract NASI-9926, sponsored 
by t he  Structures Research Division a t  the  Langley Research Center of t he  National 
Aeronautics and Space Administration. The invest igat ion was di rected a t  deter-  
mining t he  f e a s i b i l i t y  of employing l a s e r  beam holography f o r  t he  detect ion and 
characterization of bond defects i n  composite mater ia l  s t ructures .  Relevant 
t o  the  major object ives  of t he  contract ,  as c a l l ed  out i n  t he  o r ig ina l  work 
statement, t he  r e su l t s  of the  t heo re t i c a l  and experimental invest igat ions  with 
boron-epoxy prepreg composites may be b r i e f l y  summarized as  follows : 
1 - Ultrasonic exc i ta t ion  of composite mater ia ls ,  i n  combination with time- 
average holography, i s  capable o f :  
a- detecting -disbands as small as 0.5 cm square ( t he  smallest a rea  
t e s t e d )  ; 
b-.determining t h e  s i z e  and shape of most disbonds; 
c- detecting disbonds under 1.25 mm of prepreg mater ia l  ( the  l a r g e s t  
thickness t e s t e d ) ;  and 
d- detecting disbonds i n  samples with e i t h e r  aluminum o r  t i tanium 
substra tes  of 0.8 and 1.6 mm thickness ( the  only subst ra tes  t e s t e d ) .  
2 - Thermal s t r e s s ing  of composite mater ia ls ,  i n  combination with real-time 
holography, is  capable of detecting disbonds. 
3 - Holography i s  more e f fec t ive  than thermal mapping, with an in f ra red  
scanning camera, of composite materials  f o r  detecting disbonds . 
In  add i t i on  it was shown t h a t  : 
4 - The technique of u l t r a s o n i c  e x c i t a t i o n  and holographic observa t ion  i s  
equa l ly  app l i cab le  t o  g raph i t e  composites. 
5 - It i s  p o s s i b l e  t o  a c o u s t i c a l l y  e x c i t e  t h e  resonant  p l a t e  modes, 
necessary f o r  t h e  d e t e c t i o n  of disbonds,  by simple su r f ace  con tac t  
methods r a t h e r  t han  bonded t r ansduce r s .  This considerably f a c i l i t a t e s  
t h e  experimental  procedure and sugges ts  a p p l i c a t i o n  i n  a  p r a c t i c a l  
s i t u a t i o n .  
The r e p o r t  p rovides  a comprehensive review o f  t h e  s i x  month i n v e s t i g a t i o n s  
d i r e c t e d  toward an even tua l  goa l  of adapt ing  t h e  holographic method t o  t h e  r a p i d  
in spec t ion  of  composite aerospace components i n  a  p r a c t i c a l  (non-laboratory)  
environment. The d i scuss ion ,  summarizing t h i s  f e a s i b i l i t y  s tudy ,  has been 
d iv ided  i n t o  t h r e e  gene ra l  a r e a s :  
Sec t ion  I - Ul t r a son ic  Exc i t a t i on  and Time-Average Holography ( i n c l u d i n g  
r e s u l t s  1, 4, and 5 enumerated above);  
Sec t ion  I1 - Thermal S t r e s s i n g  and Real-Time Holography ( r e s u l t  2 
enumerated above);  and 
Sec t ion  I11 - Thermal mapping wi th  an I R  Scanning Camera ( r e s u l t  3 enumerated 
above. 
The demand f o r  l i g h t e r ,  s t r o n g e r  and more r e l i a b l e  s t r u c t u r e s  has r e s u l t e d  
i n  a new c l a s s  of m a t e r i a l s  known a s  composites. The p o t e n t i a l  advantages o f  
composite s t r u c t u r e s  has  been s p e c t a c u l a r l y  demonstrated by t h e  decrease i n  
weight and t h e  i n c r e a s e  i n  r e l i a b i l i t y  and l i f e  expectancy of  some aerospace 
components. The engineer ing  cha l lenge ,  unregimented by convention, o f  t h e  
apparent ly  l i m i t l e s s  p o s s i b i l i t i e s  o f  innovat ive  design i s  n o t  g r e a t e r  t han  t h e  
cha l lenge  t o  determine t h e  q u a l i t y  o f  t h e  composite m a t e r i a l s ;  m a t e r i a l s  which, 
t o  a g r e a t  e x t e n t ,  a r e  t o o  t h i n ,  t o o  a n i s o t r o p i c ,  and t o o  non-uniform f o r  
convent ional  non-destruct ive t e s t i n g .  
Among t h e  most r a p i d l y  developing composite forms i s  a s h e l l  s t r u c t u r e  
formed by a l i g n i n g  h igh  s t r e n g t h  f i b e r s  such as boron and carbon i n  an epoxy o r  
meta l  and bonding o r  f u s i n g  t h i s  m a t e r i a l  t o  a s u b s t r a t e .  While t h e s e  s t r u c t u r e s  
a r e  s t r o n g e r  than  convent iona l ,  homogeneous m a t e r i a l s ,  cu r r en t  t r ends  i n  f ab r i ca -  
t i o n  techniques t o  r e a l i z e  t h e  new m a t e r i a l s  t end  t o  in t roduce  numerous bond 
de fec t s  e i t h e r  between i n d i v i d u a l  f i b e r  p l i e s  o r  between t h e  p l i e s  and meta l  
s u b s t r a t e .  A d e t a i l e d  knowledge of  t h e s e  f l a w s  i s  r equ i r ed  be fo re  t h e  r e l i a b i l i t y  
of  a s t r u c t u r e  can be  eva lua ted .  An important  f a c e t  i n  de f in ing  t h e  e f f e c t s  of  
var ious  flaws i s  t h e  i d e n t i f i c a t i o n  of  t h e i r  ex i s t ence .  
This i n v e s t i g a t i o n  i s  p r i m a r i l y  an  empi r i ca l  approach t o  e s t a b l i s h  t h e  
requirements f o r  i d e n t i f y i n g  t h e  l o c a t i o n  and s i z e  of  a de f inab le  unbonded a r e a  
i n  a composite s t r u c t u r e  by t h e  e x c i t a t i o n  of  p l a t e  v i b r a t i o n s .  The use o f  p l a t e  
v i b r a t i o n s  f o r  NDT of  t h i n  m a t e r i a l s  has  no t  been p r a c t i c a l  t o  da t e  s i n c e  it 
requ i r e s  t h e  a n a l y s i s  o f  s e v e r a l  r e c e i v i n g  t ransducers  t o  determine t h e  l o c a t i o n  
and na tu re  of  t h e  changes i n  t h e  t r a n s m i t t e d  s i g n a l .  I n t e r f e r o m e t r i c  holography 
immediately records  t h e  displacement o f  t h e  su r f ace  wi th  r e spec t  t o  a r e fe rence  
l o c a t i o n .  Consequently, i f  a p l a t e  v i b r a t i o n  i s  generated whose mode w i l l  b e  
changed by t h e  f law,  t h e  l o c a t i o n  and n a t u r e  of t h e  f law can be e a s i l y  determined 
from t h e  holographic r econs t ruc t ion .  
Presented  i n  t h e  fo l lowing  s e c t i o n  i s  a d e s c r i p t i o n  o f  t h e  i n t e r f e r o m e t r i c  
holographic process .  This i s  fol lowed by d iscuss ions  o f  t h e  r e s u l t s  ob ta ined  
from a s tudy  t o  determine t h e  f e a s i b i l i t y  of  applying t h i s  process  t o  t h e  
d e t e c t i o n  and c h a r a c t e r i z a t i o n  of  bond de fec t s  i n  composite m a t e r i a l s .  The 
f i r s t  and major d i scuss ion  o f  t h e s e  r e s u l t s  i s  concerned wi th  u l t r a s o n i c  
e x c i t a t i o n  of  t h e  t e s t  p i ece  and time-average holographic record ing .  This i s  
followed by a b r i e f  s e c t i o n  desc r ib ing  t h e  use of  thermal s t r e s s i n g  and r e a l -  
t ime holography as  applied. t o  composite m a t e r i a l  i n spec t ion .  F i n a l l y ,  experiments 
with an i n f r a r e d  scanning camera t o  o b t a i n  thermograms of  va,riou.s f'la,wed composite 
smipies are reviewed, 
INTERFEROMETRIC HOLOGRKEPHY 
Holography has permi t ted  t h e  ex tens ion  of  i n t e r f e rome t ry ,  c l a s s i c a l l y  used 
t o  measure smal l  pa th  l eng th  d i f f e r ences  of  o p t i c a l l y  po l i shed  and specu la r ly  
r e f l e c t i n g  f l a t  su r f aces  t o  three-dimensional ,  d i f f u s e l y  r e f l e c t i n g  o b j e c t s ,  
wi th  non-planar su r f aces .  This r a d i c a l l y  d i f f e r e n t  concept i n  i n t e r f e rome t ry  
does n o t  r e q u i r e  t h e  use of  l e n s e s  o r  o t h e r  image forming devices .  I n s t e a d ,  a 
coherent-optical beam, genera ted  by a  l a s e r ,  i s  s p l i t  i n t o  two beams, an o b j e c t  
beam and a r e fe rence  beam. The o b j e c t  beam a f t e r  r e f l e c t i o n  from t h e  o b j e c t  i s  
superimposed back upon t h e  una l t e r ed  r e fe rence  beam and recorded on a  photographic 
p l a t e .  The su r f ace  of t h e  t e s t  o b j e c t  i s  t hen  a l t e r e d  through t h e  a p p l i c a t i o n  o f  
a  mild s t r e s s  and a  second record ing  similar t o  t h e  f i r s t  i s  made on t h e  same 
photographic p l a t e .  The two recorded i n t e r f e r e n c e  p a t t e r n s  c a l l e d  a  double- 
exposure i n t e r f e r o m e t r i c  hologram, bea r s  no resemblance t o  t h e  o b j e c t  i n  two 
d i f f e r e n t  s t a t e s  of s t r e s s  b u t  neve r the l e s s  conta ins  a l l  t h e  amplitude informa- 
t i o n  about t h e  two wavefronts which had emanated from t h e  ob jec t  p lus  a d d i t i o n a l  
information about t h e  phase of  t h e  wavefronts.  These two p i eces  of  in format ion  
a r e  r equ i r ed  i n  o rde r  t o  gain knowledge about t h e  s u r f a c e  displacement due t o  
t h e  a p p l i c a t i o n  o f  t h e  s t r e s s .  
The c r e a t i o n  of  an i n t e l l i g i b l e  image from t h e  i n t e r f e r o m e t r i c  hologram 
i s  known a s  t h e  r econs t ruc t ion  process .  In  t h i s  p roces s ,  t h e  i n t e r f e r o m e t r i c  
hologram i s  i l l umina ted  wi th  monochromatic, coherent l i g h t ;  t h e  hologram d i f f r a c t s  
t h i s  l i g h t  i n t o  two wavefronts ,  which a r e  e s s e n t i a l l y  i n d i s t i n g u i s h a b l e  from 
t h e  o r i g i n a l  waves which had been r e f l e c t e d  from t h e  o b j e c t  under t h e  two s t a t e s  
o f  s t r e s s  and, hence,  two three-dimensional images o f  t h e  o b j e c t  w i l l  b e  formed. 
Since both images a r e  formed i n  coherent  l i g h t  and e x i s t  a t  approximately t h e  
same l o c a t i o n  i n  space ,  t h e  two r econs t ruc t ed  images w i l l  i n t e r f e r e  wi th  each 
o t h e r  and produce a s e t  o f  b r i g h t  and dark i n t e r f e r e n c e  f r i n g e s  ( i n  t h e  re -  
cons t ruc t ed  image). The f r i n g e s  r ep re sen t  contours  of  equal  displacement,  a long 
t h e  viewing a x i s ,  wi th  each success ive  f r i n g e  r e p r e s e n t i n g  a displacement o f  
approximately one-half t h e  wavelength of t h e  coherent  l i g h t  source used i n  t h e  
cons t ruc t ion  process .  Thus, u s ing  a  He-Ne l a s e r  (wavelength of  6328 8) , each 
success ive  f r i n g e  w i l l  r ep re sen t  %0.316 microns of  s u r f a c e  displacement.  Because 
o f  t h i s  extreme s e n s i t i v i t y  t o  sur face  deformation, t h i s  technique can be  used 
t o  ga in  a meaningful i n t e r p r e t a t i o n  of  t h e  s t r u c t u r a l  i n t e g r i t y  of a  component 
by observing t h e  s u r f a c e  movement produced when a  mild s t r e s s i n g  fo rce  i n t e r a c t s  
wi th  a d e f e c t .  
I n  a d d i t i o n  t o  double-exposure holographic i n t e r f e rome t ry  descr ibed  above, 
t h e r e  a r e  two o t h e r  v a r i a t i o n s  of' t h i s  method which have been used i n  t h e  p re sen t  
i n v e s t i g a t i o n ,  Each of  t h e  vax ia t ions  possess  c e r t a i n  advantages over t h e  o t h e r s  
i n  a  p a r t i c u l a r  t e s t  s i t ' ua t ion ,  These a d d i t i o n a l  techniques inc lude :  time-average 
l n t e r f e r o m e t r l c  holography and real- t ime i n t e r f e r o m e t r i c  holography* 
The time-average technique, wbrich is used mosbof'ten :in the presen-t studly 
for examining the effects of acoustic stressing, consists of making a single 
holographic recording of a test piece while it is subjected to a cyclic vibratory 
motion. The technique assumes that the exposure time in recording the hologram 
is long compared to one period of the vibration cycle. In this manner, the holo- 
gram effectively stores an ensemble of images corresponding to the time-average 
of all positions of the object during its vibration. Consequently, upon re- 
construction of the hologram, the interference among the ensemble of images, 
produces an interference pattern which is weighted toward the deformation 
extremes of the test piece. Regions having no motion exhibit the greatest 
intensity and can readily be detected upon inspection of the reconstructed image. 
Real-time interferometric holography consists of taking a single holographic 
exposure of an object in an unstressed state, processing the film and replacing 
it exactly into the position in which it was recorded. The hologram is then 
reconstructed using the identical coherent reference light beam which was used 
in the construction process. The reconstructed image is now superimposed onto 
the original object which is also illuminated with the same light as when the 
hologram was taken. Interference fringes can now be seen if the object is slightly 
stressed. This interferometric comparison between the original state of the 
object (reconstructed virtual image) and the stressed state of the object is 
made at the instant of observation. The particular advantage this technique has 
is that different types of stresses can be applied and observed with a single 
holographic exposure rather than having to make an interferometric hologram for 
each. 
ULTRASONIC EXCITATION AND 
TIME-AVERAGE HOLOGRAPHY 
The ma te r i a l  s p e c i f i e d  f o r  t h e  present  inves t iga t ion  was a  composite 
cons i s t ing  of s e v e r a l  p l i e s  of boron-epoxy prepreg bonded t o  a  metal  s u b s t r a t e .  
One t e s t  piece with a  carbon f i b e r  was t e s t e d .  I n  most cases t h e  unbonded a r e a  
was produced by c u t t i n g  out  an a rea  i n  one of  t h e  p l i e s  and i n s e r t i n g  a bag 
f a b r i c a t e d  by welding together  a t  t h e  edges two two-mil shee t s  of s t a i n l e s s  
s t e e l .  Most of t h e  a i r  was removed from between t h e  shee t s  during t h e  f a b r i c a t i o n  
process.  This method had t h e  advantage of  producing an a r e a  with n e g l i g i b l e  
shear  s t r e n g t h  and known s i z e ,  b u t  has t h e  disadvantage of r equ i r ing  a l a r g e  
e x c i t a t i o n  fo rce  t o  overcome t h e  b i a s  force  of atmospheric pressure .  
The e x c i t a t i o n  of  t h e  p l a t e  v ib ra t ions  was, i n  most cases ,  accomplished 
by e l e c t r i c a l l y  Wiv ing  a f e r r o  ceramic t ransducer  which had been bonded t o  t h e  
sur face  of t h e  t e s t  p iece .  By d r iv ing  t h e  t ransducer  a t  t h e  co r rec t  frequency, 
a  resonant p l a t e  mode can be  e s t ab l i shed  i n  t h e  sample. This method of exc i t a -  
t i o n  has t h e  advantage of having a near ly  unlimited range of f requencies .  Although 
t h e  amplitude con t ro l  i s  l i m i t e d  by t h e  t ransducer  l o c a t i o n ,  t h i s  c h a r a c t e r i s t i c  
i s  not  usua l ly  disadvantageous s ince  t h e  amplitude o f  v i b r a t i o n  i s  immediately 
ava i l ab le  from t h e  holographic readout .  
I n  a  few cases where l a r g e r  amplitude v ib ra t ions  appeared t o  be r equ i red ,  
a  t ransducer  was mechanically coupled t o  t h e  t e s t  p iece  through a s o l i d  exponential  
horn ( acous t i c  t ransformer) .  The mechanical advantage of  producing l a r g e  
amplitude v ib ra t ions  with a  f l e x u r a l  e x c i t a t i o n  (bonded t ransducer)  i s  not  
g r e a t l y  d i f f e r e n t  than  f o r  t h e  horn coupling; however, t h e  amplitude of v i b r a t i o n  
f o r  t h e  f l e x u r a l  t ransducer  i s  l i m i t e d  by t h e  s t r eng th  of t h e  bond and t h e  
optimum placement of t h e  t ransducer  f o r  t h e  des i r ed  p l a t e  mode. Of a d d i t i o n a l  
i n t e r e s t  i s  t h e  f a c t  t h a t  horn coupling e x c i t a t i o n  f a c i l i t a t e s  t h e  experimental 
procedure, by e l iminat ing  t h e  bonding process ,  and thereby suggests  a  p r a c t i c a l  
method f o r  implementation of  holographic nondestruct ive t e s t i n g .  
It had been i n t u i t i v e l y  expected and previously demonstrated ( ~ e f .  1) t h a t ,  
a t  l e a s t  f o r  some condi t ions ,  t h e  v i b r a t i o n a l  amplitude and wavelength i n  t h e  
p l a t e  above an unbonded a rea  would be  s u f f i c i e n t l y  d i f f e r e n t  from t h e  remainder 
of t h e  composite t o  be r e a d i l y  i d e n t i f i e d  i n  t h e  recons t ruc t ion  of a  time-averaged 
in t e r fe romet r i c  hologram. It was t h e  ob jec t ive  of t h e  present  program t o  
determine t h e  r e l i a b i l i t y  of def in ing  unbonded areas  by t h i s  method and t o  
e s t a b l i s h  t h e  r e l a t i o n s h i p  of wavelength and flaw s i z e ,  
Analytlieal Considerations 
It was expected t h a t  f o r  many cases ,  a t  t h e  fundamental mode, an unbonded 
- 6 - 
area could be considered a clamped c i r c u l a r  pla,te and, as  su.ch, i t s  i"undamenta,l 
resonance i n  Hz i s  given by2: 
where h i s  one-half t h e  p l a t e  t h i ckness ,  a i s  t h e  p l a t e  r a d i u s ,  Yo i s  Young's 
modulus, p i s  t h e  dens i ty  and o i s  Po i s son ' s  con t r ac t ion .  
I f  t h e  m a t e r i a l  c h a r a c t e r i s t i c s  and th icknesses  were such t h a t  t h e  resonant  
frequency of  t h e  s u b s t r a t e ,  t h e  f i b e r  ma t r ix  and t h e  bonded composite were equal  
f o r  t h e  same r a d i u s ,  it would not  be  p o s s i b l e  t o  d e t e c t  any mode change. 
I d e n t i f y i n g  t h e  composite parameters  by t h e  s u b s c r i p t  3, t h e  f i b e r  ma t r ix  by 
t h e  s u b s c r i p t  1, and t h e  s u b s t r a t e  by t h e  s u b s c r i p t  2 ,  Young's modulus and t h e  
dens i ty  of  t h e  composite may be def ined  a s :  
and 
Consequently, t h e  r a t i o  of Yo / p 3  must always l i e  between YO1/p1 and yO2/p2 o r  be 
equal  t o  one of  them. Since g3 i s  t h e  sum of  h l  and he,  then  fog  must always be 
d i f f e r e n t  than  fO1 and/or fo2 and t h e  mode p a t t e r n  o f  a t  l e a s t  one o f  t h e  
i n d i v i d u a l  components w i l l  always be  d i f f e r e n t  than t h e  composite a t  fol and f  
02 ' Furthermore, s i n c e  t h e  p l a t e  wave v e l o c i t y ,  a s  def ined  below, i s  p ropor t iona l  t o  
&-and t h e &  where w i s  t h e  frequency i n  r ad i ans  pe r  second, t h e  d i f f e r e n c e s  i n  
t h e  mode p a t t e r n  w i l l  i nc rease  a s  h ighe r  o r d e r  modes a r e  e x c i t e d .  
Also of importance i s  t h e  minimum s i z e  f law which can be de t ec t ed .  The 
v e l o c i t y  of propagat ion of  a  p l a t e  wave v i s  given by3: P 
where Cext i s  i h e  ex t ens iona l  v e l o c i t y  of  sound. Wen 2hw/E2 = C e x t  t h e  p l a t e  
ve loc i ty  approaches the  ex tens iona l  v e l o e i i y  of sound a ~ l d  it \rould be umlikely 
t l ~ a t  a p l a t e  vibration could be e x e i ~ e d ,  Siiiee w -- 2iif and i s  nea r ly  equal 
t o  n ,  t h e  p l a t e  and ex tensronal  v e l o c i t i e s  w i l l  be  equal  a t  t h e  freqrzeney f o r  
which t h e  extensional  s~aveiength  i s  approximately equal. t o  t i r ice  t h e  p l a t e  
t h i ckness .  Consequently, t h e  minimum dimension or" a d e t e c t a b l e  f l a w  w i l l  be a 
few times t h e  p l a t e  th ickness .  
Phys ica l  P r o p e r t i e s  and C h a r a c t e r i s t i c s  
of Experimental Components 
F l exura l  Transducers 
Fer ro  ceramic t ransducers  o f  t h e  l e a d  z i r cona te  t i t a n a t e  C lev i t e  type  4 
(PZT-4) were used. Because most h igh  modulus conducting adhesives cure a t  a 
moderately h igh  temperature (150°c),  and because it was d e s i r a b l e  t o  cure  t h e  
adhesive under h igh  p re s su re ,  which f r equen t ly  causes some p o l a r i z a t i o n  changes 
i n  t h e  t r ansduce r  even though t h e  temperature i s  below t h e  Curie tempera ture ,  g r e a t  
care  must be  exe rc i sed  when i n s t a l l i n g  t h e  t ransducers  t o  minimize t h e  r i s k  o f  
damage. An aluminum f o i l  e l ec t rode  wi th  an  extending t a b  f o r  e l e c t r i c a l  connec- 
t i o n  was bonded t o  t h e  t ransducer  w i th  a conducting adhesive and t h e  t r ansduce r  
was po la r i zed  a t  room temperature w i th  a vo l t age  of  approximately 70 v o l t s  per  
m i l  o f  t r ansduce r  t h i ckness  f o r  t h r e e  hours .  The t ransducer  was then  bonded t o  
t h e  t e s t  p i ece  wi th  a nonconducting epoxy adhesive which cured a t  40°c. 
Most of  t h e  t ransducers  were approximately 1 .5  cm. long ,  0.5 cm wide and 
0.05 cm t h i c k .  Larger t ransducers  were used when h ighe r  energy was necessary  
t o  i d e n t i f y  t h e  f law.  I n  some cases  t h e  t ransducers  were i n s t a l l e d  at t h e  edge 
of  t h e  t e s t  p i ece  and a f r ee - f r ee  mode was employed; i n  o t h e r  cases  t h e  t r ansduce r  
was i n s t a l l e d  a s h o r t  d i s t ance  from t h e  edge and t h e  t e s t  p i ece  w a s  d r iven  i n  a 
c a n t i l e v e r e d  p o s i t i o n  wi th  one end of t h e  t ransducer  bea r ing  a g a i n s t  t h e  clamp. 
This technique was more o f t e n  used s i n c e  it provided b e t t e r  t ransducer  coupling 
t o  t h e  t e s t  p i e c e .  Driving vol tages  a s  h igh  a s  210 v o l t s  were occas iona l ly  
r equ i r ed  t o  produce an i d e n t i f i a b l e  mode i n  t h e  hologram; b u t  gene ra l ly ,  75 
t o  100 v o l t s  provided s u f f i c i e n t  e x c i t a t i o n .  
Exponential  Horn Transducer 
P i e z o e l e c t r i c  t ransducers  a r e  s t r e n g t h  l i m i t e d  i n  t ens ion  t o  s t r a i n s  o f  
approximately whi le  i n  metals  t h e  maximum s t r a i n  can be  a s  h igh  a s  loe2 .  
Consequently, a g r e a t e r  d r i v i n g  amplitude than  t h a t  ob ta inab le  by d i r e c t  bonding 
of  p i e z o e l e c t r i c  t ransducers  would be  d e s i r a b l e .  I f  a sound wave i s  genera ted  
a t  one end of  a t ransmiss ion  l i n e  and t h e  a r e a  of t h a t  l i n e  i s  reduced i n  such a 
way t h a t  no energy from t h e  wave i s  r e f l e c t e d  away, t h e  p a r t i c l e  v e l o c i t y  w i l l  
vary i n v e r s e l y  wi th  t h e  a r e a  r a t i o s ,  Therefore,  an aluminum exponent ia l  horn 
4. was fabriea, ted i n  which t h e  t a p e r  followed t h e  form . 
where So i s  t he  i n i t i a l  a rea  and S t h e  a rea  at a distance,  x. A y of  0.7 was 
chosen t o  match t he  horn t o  t h e  s i z e  and resonant frequency of an avai lable  
transducer. The i n i t i a l  diameter of t h e  horn was 2.5 cm and the  f i n a l  diameter 
0.25 cm at a length of 4.9 cm. The ha l f  wave resonance of t he  horn w a s  48 KHz. 
The transducer w a s  PZT-4 with an a x i a l  length of 3.75 cm, an outs ide  diameter 
of 2.5 cm, and a wal l  thickness of 0.25 cm. The a x i a l  resonance of t he  t rans-  
ducer was 48 KHz when driven across t he  wal l  of t he  cylinder.  The transducer 
w a s  bonded t o  the  aluminum horn and t he  complete assembly i s  shown i n  Fig. 1. 
The transducer electrodes were placed on t he  inner  and outer  surfaces of t h e  
cylinder,  and t he  resonant frequency of t h e  assembled transducer w w  52 KHz. m e  
transducer i s  e f f ec t i ve  as a dr iver  only near i t s  resonant frequency and, there- 
f o r e , t he  device cam be supported a t  the  mid circumference of t he  transducer. 
The r e s u l t s  showed t h a t  a peak displacement of approximately 10 microns can be 
obtained a t  the  output of t he  horn. 
Test Piece Material  Propert ies 
Boron Fiber 
Diameter 
Density 
Young ' s Modulus 
Boron Prepreg 
Density 
Young ' s Modulus 
~h i cknes s /p ly  
Aluminum 
Density 
Young ' s Modulus 
Titanium 
Density 
Young ' s Modulus 
Flaws 
meters 
2.6 x 103 Kg/m3 
38.2 x l 0 l 0  N/m2 
2 x 103 Kg/m3 
20.6 x 1 0 ~ 0  N/m2 
1.25 x 10'~ meters 
4.5 x l o 3  ,,/m3 
11 x 10lo N/m2 (estimated) 
Four types of flaws were evaluated. I n  t he  f i r s t  attempt t he  programmed, 
unbonded area  was sprayed with a fluorocarbon re lease  agent on the  subs t ra te  
s ide ,  and then t h e  prebonded boron prepreg p l i e s  were bonded t o  t he  subs t ra te  
1~7i . t l - i  a low temperature cur ing  adhes ive ,  PI-ate v i b r a t i o n s  i n d i c a t e d  no s igniCica*nt  
change i n  t h e  mode p a t t e r n  a,t t h e  fla,wed a rea .  The boron prepreg was separated-  
from t h e  s u b s t r a t e  and v i s u a l  observa t ion  i n d i c a t e d  -2;ha.t su f f i c i en - t  p o r o s i t y  
i n  t h e  r e l e a s e  agent e x i s t e d  f o r  t h e  adhesive t o  p e n e t r a t e  and e s t a b l i s h  a 
s i g n i f i c a n t  bond s t r e n g t h .  Subsequent measurements i n d i c a t e d  a  shear  s t r e n g t h  
i n  excess o f  7 x  l o 4  ~ / r n ~ .  Consequently, t h i s  technique was no t  employed f o r  
t h e  p re sen t  i n v e s t i g a t i o n ;  it should,  however, o f f e r  an a t t r a c t i v e  method f o r  
s tudying t h e  f e a s i b i l i t y  of  measuring bond s t r e n g t h .  
A second t y p e  of  disbond was f a b r i c a t e d  wi th  one m i l  Mylar s h e e t .  These 
were made by p r e s s i n g  t h e  Mylar aga ins t  t h e  s u b s t r a t e  w i th  a b o l t  whose diameter  
w a s  t h e  s i z e  o f  t h e  d e s i r e d  flaw. This assembly w a s  t hen  clamped t o g e t h e r .  
Adhesive was a p p l i e d  between t h e  s u b s t r a t e  and t h e  Mylar around t h e  circumference 
of  t h e  b o l t  f a c e .  A nu t  was then  screwed down t h e  b o l t  t o  t h e  s u b s t r a t e  t o  
both clamp and smooth t h e  bonded a r e a .  This  process  r e s u l t e d  i n  a r e l i a b l e  f l a w ,  
b u t  subsequent bonding of t h e  prepreg  t o  t h e  s u b s t r a t e  wi th  a low temperature 
cur ing  adhesive r e s u l t e d  i n  a  t h i c k  adhesive l a y e r  and consequently an i n f e r i o r  
t e s t  sample. The t h i c k  adhesive l a y e r  could be  e l imina ted  by f a b r i c a t i n g  t h e  
composite i n  a one-step process  a f t e r  i n s t a l l i n g  t h e  f law on t h e  s u b s t r a t e ,  b u t  
t h e r e  was some doubt t h a t  t h e  f law r e l i a b i l i t y  would be  equa l ly  good. Two of t h e s e  
Mylar samples were t e s t e d .  
The t h i r d  ; law t ype  was f a b r i c a t e d  by bonding t h e  prepreg  t o  t h e  s u b s t r a t e  
wi th  a Teflon t r i a n g l e  i n s e r t e d  between t h e  two m a t e r i a l s  a t  one edge of t h e  
t e s t  p i ece  wi th  an ex tens ion  of one s i d e  o f  t h e  t r a i a n g l e  pro t ruding  a s  a  t a b .  
Af te r  t h e  adhesive had cured,  t h e  Teflon was withdrawn by c a r e f u l l y  p u l l i n g  on 
t h e  t a b .  
Most of  t h e  t e s t s  were conducted wi th  flaws produced by i n s e r t i n g  a  
s t a i n l e s s  s t e e l  bag i n  a cut-out a r e a  of  one o f  t h e  prepreg  p l i e s .  Two types  
of bags,  bo th  of  which were f a b r i c a t e d  from two m i l  t h i c k  s t a i n l e s s  s t e e l  s h e e t s ,  
were used. One t y p e ,  suppl ied  by NASA, was made by r e s i s t a n c e  welding t h e  o u t e r  
edges of  two s h e e t s  of  s t a i n l e s s  s t e e l  up t o  a smal l  tube  a t  one edge of  t h e  
s h e e t s ;  t h e  air w a s  t hen  removed and t h e  tube  s e a l e d  o f f .  The flaw forms were 
then  welded w i t h i n  t h e  enclosed a rea .  A second type o f  bag was f a b r i c a t e d  a t  
UARL by e l e c t r o n  beam welding. The s t a i n l e s s  s t e e l  bag flaws were r e l i a b l e  i n  
t h a t  they  were o f  a known s i z e  and t h e r e  was nea r ly  a zero shear  and t e n s i l e  
s t r e n g t h  i n  t h e  f law; they  were u n r e a l i s t i c  t o  t h e  e x t e n t  t h a t  a  fo rce  was 
r equ i r ed  t o  overcome t h e  b i a s  clamp produced by t h e  p re s su re  d i f f e r e n t i a l  between 
t h e  p re s su re  at f a b r i c a t i o n  and ambient p re s su re .  However, t h e  inf luence  o f  t h e  
p re s su re  d i f f e r e n t i a l  i s  c a l c u l a b l e .  I f  f o u r  p l i e s  of  prepreg e x i s t  above t h e  
f law,  t h e  r e s u l t a n t  f o r c e  provided by a  one micron peak-to-peak aap l i t ude  a t  70 
KHz i s  r equ i r ed  t o  overcome t h e  b i a s  fo rce  of a, good vacuum; i f  t h e  f l a w  i s  under 
one p l y ,  an a r q l  j tudc v i b r a t i o n  of' 11 mi crons i s  requi r e d  a t  t he  same Yrequency, 
O f  t h e  22 composite samples f a b r i c a t e d  f o r  t e s t i n g  dur ing  t h e  course of  t h e  
con t r ac t  i n v e s t i g a t i o n s ,  1 2 ,  f a b r i c a t e d  at UARL,produced meaningful r e s u l t s  which 
a r e  presented  i n  t h e  fo l lowing  s e c t i o n .  
The s p e c i f i c a t i o n s  f o r  t h e  1 2  UARL t e s t  p i eces  provid ing  d e f i n i t i v e  d a t a  
a r e  summarized i n  Table I along wi th  2 NASA prepared  samples which were t e s t e d .  
A l l  of t h e  UARL specimens, which a r e  descr ibed  i n  d e t a i l  i n  Appendix I ,  were 5 
x 10  cm wi th  t h e  except ion of  No. 1 2 ,  which was 10 x 1 5  cm. Both carbon and boron 
prepreg on aluminum and t i t a n i u m  s u b s t r a t e s  were eva lua ted ;  photographs, r ep re -  
s e n t a t i v e  of  t h e s e  4 m a t e r i a l s ,  a r e  presented  i n  Fig.  2. 
Experimental Resu l t s  
The r e s u l t s  o f  t h e  u l t r a s o n i c  t e s t s  f o r  each of  t h e  1 2  samples f a b r i c a t e d  
a t  UARL and one NASA specimen a r e  presented  below. Typica l  holographic recon- 
s t r u c t i o n s  a r e  reproduced showing t h e  unique mode p a t t e r n s .  Some a d d i t i o n a l  
r e s u l t s ,  v i s i b l e  i n  t h e  o r i g i n a l  r econs t ruc t ions  a r e  d iscussed ,  b u t  have n o t  
been reproduced h e r e i n  because of  thermal  d i s t o r t i o n s  and o t h e r  modes which 
would probably obscure them i n  t h e  p r i n t i n g .  
Test  P iece  1 
Although t h i s  sample w a s  f a b r i c a t e d  wi th  a d e f e c t i v e  adhesive,  t h e  very 
p o s i t i v e  c h a r a c t e r i s t i c  of  t h e  disbond pe rmi t t ed  i t s  i d e n t i f i c a t i o n  upon u l t r a s o n i c  
e x c i t a t i o n  and holographic examination. A d e f i n i t e  t r i a n g u l a r  p a t t e r n  o f  p l a t e  
modes a t  t h e  programmed f law l o c a t i o n ,  wi th  a d r i v i n g  frequency of  90 KHz, i s  
apparent  i n  t h e  holographic r econs t ruc t ion  of  F ig .  3a. Fu r the r  s t u d i e s  o f  t h i s  
t e s t  p i ece  us ing  a thermal  gradient-holographic technique ,  descr ibed  i n  t h e  
fol lowing s e c t i o n ,  were a l s o  succes s fu l  i n  i d e n t i f y i n g  t h e  flawed a r e a .  
Test  P iece  2 
This sample was f a b r i c a t e d  wi th  a d i f f e r e n t  adhesive which provided a good 
prepreg  t o  s u b s t r a t e  bond. The de fec t  w a s  i d e n t i f i e d  a t  a frequency of 111 K H z ,  
a s  shown i n  t h e  holographic r econs t ruc t ion  i n  F ig .  3b; it appears a s  t h e  dark  
spo t  near  t h e  v e r t i c a l  c e n t e r  of  t h e  sample wi th  a gray h a l o  of  t h e  c o r r e c t  
shape and s i z e  surrounding t h e  spo t .  
Test  P iece  3 
- 
'llnis i;smpie,  hose Clm~.; c o r s i s t e d  of s t a i n l e s s  steel bags laced i n  cu t -  
ou t s  i n  t h e  prepreg p l y  ad jacent  t o  t h e  s u b s t r a t e ,  1ra.s assembled 'uy a t t ~ o  s t e p  
process. Four prepreg p l i e s  were bonded toge the r ,  and t h i s  laminate was bonded 
t o  the  s u b s t r a t e  with a  roorn temperature curing epoxy. It was found t h a t  d i f -  
ferences i n  the  v i b r a t i o n a l  modes of t h e  prepreg and s u b s t r a t e  became de tec tab le  
a t  30 Imz, suggest ing a  s o f t ,  t h i c k ,  o r  acous t i ca l ly  l o s s y  adhesive, It was not  
poss ib le  t o  exc i t e  i d e n t i f i a b l e  mode changes i n  the  a r e a  of t h e  programmed flaws 
under t h e  e x c i t a t i o n  and boundary condit ions employed u n t i l  a  clamp was p laced 
i n  t h e  v i c i n i t y  of  one o f  the  flaws. This impedance change increased t h e  
amplitude s u f f i c i e n t l y  t o  identif 'y  t h e  mode change as shown i n  Fig. 4. The 
e f f e c t s  of  clamping both a t  grazing incidence t o  the  wave propagation ( a )  and 
perpendicular incidence t o  t h e  wave propagation ( b )  a r e  shown. Exci ta t ion  w a s  
a t  126.2 K H Z  and 126.0 KHz respect ive ly .  
Test Piece 4 
This sample, prepared i n  a  one-step bonding process,  had a  1 .6  mrn t h i c k  
s u b s t r a t e ,  twice t h a t  used i n  t h e  o the r  composite samples. The flaws consis ted  
of  th ree  s t a i n l e s s  s t e e l  bags, The two l a r g e r  f laws,  loca ted  i n  t h e  1 s t  p l y ,  
were e a s i l y  i d e n t i f i a b l e  by the  e x c i t a t i o n  of  v i b r a t i o n a l  p l a t e  modes a t  s e v e r a l  
frequencies.  Photographs of  holographic reconst ruct ions ,  representa t ive  o f  t h e  
r e s u l t s  obtained,  a r e  presented i n  Fig.  5. It was not  poss ib le  t o  i d e n t i f y  t h e  
t h i r d  smaller  flaw, loca ted  i n  t h e  3rd p l y ,  even with t h e  transducer drive 
exc i t a t ion  on t h e  boron prepreg s i d e ;  e x c i t a t i o n  i s  usua l ly  applied on the  sub- 
s t r a t e  s i d e .  
The fundamental resonance of  t h e  p l a t e  (one prepreg p l y )  above t h i s  f law 
i s  g r e a t e r  than 50 KHz and, with a  p l a t e  thickness of 0.125 mrn, a  peak-to-peak 
v i b r a t i o n a l  amplitude of  g r e a t e r  than 4 microns would be  requi red  t o  overcome 
t h e  pressure d i f f e r e n t i a l  between the  flaw and ambient pressure ;  it was concluded 
t h a t  the  flaw was not  i d e n t i f i e d  because of  i n s u f f i c i e n t  v i b r a t i o n a l  e x c i t a t i o n  
amplitude . 
Test Piece 5  
Representative r e s u l t s  obtained with t h i s  sample a r e  presented i n  Fig. 6. 
The mode changes a t  t h e  Mylar f i l m  flaws,  p a r t i c u l a r l y  t h e  l a r g e r  one, a re  
q u i t e  evident .  The smal ler  one i s  only v i s i b l e  i n  t h e  photo a t  the  f a r  r i g h t  
and appears nearer  t h e  bottom of t h e  sample, r a t h e r  than t h e  top ,  s ince  it i s  
a  mirror image of  t h e  a c t u a l  t e s t  p iece .  The s t a i n l e s s  s t e e l  bag flaw was no t  
i d e n t i f i a b l e .  
Test Piece 6 
In  order  t o  obta in  some evidence of  the  physical  c h a r a c t e r i s t i c s  of a  f l a v  
produ-eed by eu-tti.ng a piece out of a  sheet  adhesive arid using a re l ease  agen-t on 
tbe  subst,ro,t,e, a sa.mp3.e w a s  r.ila.de up with a glass s u b s t r a t e ,  Presented i n  Fig, 7a 
i s  a photograph of  t h e  sample ( t h e  h o r i z o n t a l  l i n e  i s  a crack i n  t h e  g l a s s  caused 
by d i f f e r e n t i a l  expansion) wi th  an enlargement o f  t h e  lo~arer l e f t  corner  of  t h e  
flaw shown i n  Fig.  To .  The w h i t e s t  a r e a  i s  t h e  p o r t i o n  sprayed wi th  t h e  r e l e a s e  
agen t ,  t h e  da rkes t  a r e a  i s  t h e  prepreg m a t e r i a l  i n  t h e  absence of adhes ive ,  and 
t h e  gray a r e a  i s  t h e  adhesive i t s e l f .  I n  s p i t e  of  t h e  f a c t  t h a t  t h e  shee t  ad- 
hes ive  had been cu t  ou t  i n  t h e  a r e a  of  t h e  r e l e a s e  agen t ,  t h e  e n t i r e  a r e a  w a s  
pene t r a t ed  by t h e  adhesive and t h e  gas from t h e  void a r e a  had apparent ly  pene t r a t -  
ed t h e  adhesive.  It i s  e s t ima ted  t h a t  perhaps 10 percent  of  t h e  r e l e a s e  t r e a t e d  
a r e a  i s  bonded and t h a t  t h e  point- to-point  p inning  d i s t a n c e  i s  such t h a t  an  
e x c i t a t i o n  frequency i n  excess  of  200 KHz would b e  r equ i r ed  t o  produce any de l ine-  
a t i n g  moding. 
Tes t  P iece  7 
Representa t ive  r e s u l t s  ob ta ined  wi th  t h i s  sample a r e  presented  i n  Fig.  8 
i l l u s t r a t i n g  a p p l i c a b i l i t y  o f  t h e  i n t e r f e r o m e t r i c  holographic technique t o  
composites w i th  a t i t a n i u m  s u b s t r a t e .  A l l  o f  t h e  f laws ,  inc luding  t h e  0.5 x 
0 .5  cm square ,  a r e  apparent  at var ious  e x c i t a t i o n  f requencies  a s  no ted  i n  t h e  
f igu re .  
Tes t  P i ece  8 
This p a r t i c u l a r  sample w a s  prepared t o  eva lua t e  t h e  d i f f e r ence  between 
r e s i s t a n c e  welding and e l e c t r o n  beam welding o f  t h e  s t a i n l e s s  s t e e l  bags used as 
t h e  f laws.  Although t h e  s t a i n l e s s  s t e e l  bags a r e  in tended  t o  be  i d e n t i c a l ,  
t h e  UARL electron-beam welded bag  i s  somewhat t h i c k e r  at t h e  weld than  t h e  4 m i l  
t h i ckness  of  t h e  two s t a i n l e s s  s h e e t s  because of  t h e  bead a t  t h e  seam, whi le  t h e  
NASA r e s i s t a n c e  welded bag i s  4 m i l s  t h i c k  at t h e  weld. This  means t h a t  a t  t h e  
seam, t h e  UARL bag i s  s l i g h t l y  t h i c k e r  than  one prepreg  p l y .  The t e s t  p i ece  
has n o t  been disassembled s o  it i s  no t  known how t h e  prepreg  i s  d i s t o r t e d  by 
t h e  e l e c t r o n  beam welds nor  how t h e  prepreg epoxy flows i n t o  t h e  voids i n  t h e  
f a b r i c a t i o n  process ,  bu t  t h e r e  does seem t o  be  some d i f f e rence  i n  t h e  v i b r a t i o n a l  
response of t h e  two types of  debonds. Figure 9a  shows a mode at t h e  l o c a t i o n  
o f  t h e  UARL bag a t  56.9 KHz whi l e  F ig .  9b shows a s i m i l a r  response at t h e  NASA 
bag l o c a t i o n  a t  50.8 KHz. I n  bo th  cases ,  t h e  p l a t e  mode resonance was e x c i t e d  
by a t r ansduce r  ad jacent  t o  t h e  i d e n t i f i e d  f law,  and t h e  p l a t e  was r eve r sed  l e f t  
t o  r i g h t  between t h e  two t e s t s  such t h a t  t h e  i d e n t i f i e d  f law was nea r  t h e  clamped 
end ( l e f t  s i d e  of  p i c t u r e ) .  It could be expected t h a t  t h e  10 percent  change i n  
frequency accounted f o r  a change i n  t h e  l e v e l  of  response,  b u t  s e v e r a l  holograms 
were made a t  s e v e r a l  f requencies  of  s i m i l a r  magnitude and, i n  each case ,  t h e  f l a w  
produced by t h e  NASA bag had a l a r g e r  mode p a t t e r n .  
 h he broad dark f r i n g e s ,  
washing out  t h e  r i g h t  hand s i d e  of  t h e  p i c t u r e ,  were caused by o v e r a l l  p l a t e  
movement due t o  h e a t i n g  of  t h e  sample by t h e  d r iv ing  t r ansduce r .  This i s  
c o r r e c t a b l e  by d r i v i n g  f o r  a s h o r t  time t o  al low t h e  sample t o  reach therrnal 
equ i i i b r iu r l  before  making t h e  holographic exposure, ) 
Test Piece 9 
This sample was prepared t o  evalua te  the  c a p a b i l i t y  of t h e  technique i n  
de tec t ing  flaws under a re la , t ive ly  l a r g e  th ickness  of prepreg ,  The 10 p l i e s  of 
prepreg (1.25 rnm t h i c k ,  dens i ty  of approximately 2 x l o 3  ~ ~ / m 3 )  provided s u f f i c i e n t  
mass t o  permit t h e  i d e n t i f i c a t i o n  of  mode changes i n  t h e  v i c i n i t y  of t h e  unbonded 
a r e a  on t h e  s u b s t r a t e  s i d e  of t h e  sample a s  w e l l  as on t h e  prepreg s i d e .  The 
unbonded a rea  produced by such a l a r g e  flaw (2.5 x 2.5 cm s t a i n l e s s  s t e e l  bag)  
a l s o  permits  i d e n t i f i a b l e  modes a t  r e l a t i v e l y  low frequencies.  Figure 10a shows 
a one-one mode a t  10 .8  KHz on t h e  s u b s t r a t e  s i d e  and Fig.  l o b  i s  t h e  same mode 
on t h e  prepreg s i d e  a t  15.0 KHz. Figure 10c shows t h e  two-one mode on t h e  
prepreg s i d e  a t  23.8 KHz. Figures 10d and 10e a r e  t h e  modes s e t  up a t  29.9 KHz 
on t h e  s u b s t r a t e  s i d e  and 29.4 KHz on t h e  prepreg s i d e  r e spec t ive ly ;  t h e  change 
i n  t h e  resonant p l a t e  mode p a t t e r n  i n  t h e  v i c i n i t y  of  t h e  flaw a t  these  frequencies 
(approximately 30 KHz) i n d i c a t e s  t h a t  such flaws could a l s o  be  de tec ted  by 30 
KHz t r a v e l i n g  waves i n  l a r g e  composite s t r u c t u r e s .  
Test  Piece 10 
I n  order  t o  evalua te  t h i s  holographic nondestruct ive t e s t i n g  (ENDT) method 
f o r  g raph i t e  composites, a 5 p l y  sample of graphi te  prepreg bonded t o  t i t an ium 
was f ab r i ca ted .  As i n  many o f  t h e  samples, 3 s t a i n l e s s  s t e e l  bags of varying 
s i z e  were incorporated i n  t h e  f i r s t  p ly .  The l a r g e  (1.0 x 1 . 0  cm) flaw i n  t h e  
cen te r  of  t h e  sample appeared t o  s l i g h t l y  a l t e r  t h e  symmetrical p l a t e  modes as 
low a s  15.9 KHz and t o  cause s u b s t a n t i a l  changes a t  29.6 KHz; b u t  a frequency 
a t  which the  e n t i r e  a r e a  of t h e  l a r g e  flaw was we l l  de l inea ted  was not  found. 
Figure l l a  shows t h e  d i s rup t ion  of t h e  normal mode i n  t h e  a r e a  of t h e  l a r g e  
flaw a t  44.8 KHz. A s  seen i n  Figs.  l l b ,  c ,  and d ,  t h e  flaw on t h e  l e f t  s i d e  was 
d isp laced  toward t h e  edge o f  t h e  sample i n  t h e  f a b r i c a t i o n  process ; it s tands  out  
e s p e c i a l l y  we l l  i n  Fig.  l l b .  A l l  t h r e e  flaws can be de tec ted  i n  Figs .  l l c  and d 
a t  59.3 and 78.9 KHz respec t ive ly .  
Test Piece 11 
This sample demonstrated t h a t  a c ross  p l y  s t r u c t u r e  w i l l  enhance the  de tec ta-  
b i l i t y  and i d e n t i f i c a t i o n  of  disbonds i n  a composite ma te r i a l .  The cross p l y  
s t r u c t u r e  provides nea r ly  two dimensional i so t ropy t o  t h e  sample thus  making 
symmetrical p l a t e  modes more l i k e l y .  Figure l 2 a ,  a t  63.1 KHz, shows t h e  l a r g e  
flaw i n  a two-one mode which c l e a r l y  de l inea tes  t h e  a r e a  of t h e  unbonded a r e a .  
Figure 12b, a t  101.3 KHz, shows a l l  t h r e e  flaws with t h e  shape of  t h e  l a r g e  flaw 
we l l  ou t l ined .  The flaws a r e  probably a l s o  shown a t  s eve ra l  lower f requencies ,  
but  t h e  symmetry of t h e  modes makes p o s i t i v e  flaw i d e n t i f i c a t i o n  d i f f i c u l t  a t  
t hese  f requencies ,  
Test  P i ece  1 2  
In  o r d e r  t o  more f u l l y  eva lua t e  t h e  e f f e c t i v e n e s s  of t h e  KNDT method f o r  
l o c a t i n g  flaws wi th in  t h e  prepreg  p l i e s ,  a second sample, c o n s i s t i n g  o f  10 p l i e s  
of  boron prepreg  on a 10 x 1 5  cm aluminum s u b s t r a t e ,  was f a b r i c a t e d .  S t a i n l e s s  
s t e e l  bag  flaws were incorpora ted  i n  t h e  l s t ,  3 rd ,  6 t h ,  and 9 t h  p l i e s .  The flaws 
near  t h e  t o p  and bottom of t h e  t e s t  p i e c e ,  i n  t h e  1 s t  and 6 t h  p l i e s  a s  l o c a t e d  i n  
Fig. 13a, were i d e n t i f i e d  by e x c i t i n g  t ransducers  bonded t o  t h e  s u b s t r a t e  at t h e  
t o p  and bottom re spec t ive ly .  No i n d i c a t i o n  of t h e  ex i s t ence  of  t h e  two f laws i n  
t h e  3rd  and 9 t h  p l i e s ,  a t  t h e  i n t e r s e c t i o n  of t h e  h o r i z o n t a l  and v e r t i c a l  a x i s  
o f  t h e  t e s t  p i e c e ,  was achieved wi th  t h e s e  t ransducers .  The t r ansduce r  l o c a t i o n s  
can be  seen i n  F ig .  13b; t h e r e  a r e  two s m a l l  f l e x u r a l  t ransducers  at t h e  bottom 
and one a t  t h e  t o p ,  a l a r g e r  (2.5 x 1.25 cm) f l e x u r a l  t ransducer  w a s  l o c a t e d  a t  
t h e  l e f t  s i d e  on t h e  h o r i z o n t a l  a x i s  as viewed from t h e  s u b s t r a t e  s i d e .  The 
c y l i n d r i c a l  t ransducer  wi th  t h e  exponent ia l  coupler  i n  con tac t  wi th  t h e  c e n t e r  
of t h e  t e s t  p i e c e ,  which w a s  developed f o r  non-bonded e x c i t a t i o n ,  i s  d i scussed  
below. Only when t h e  l a r g e  f l e x u r a l  t ransducer  was dr iven  a t  a h igh  amplitude 
and frequency w a s  t h e  flaw i n  t h e  t h i r d  p l y  i d e n t i f i a b l e .  It i s  concluded t h a t  
s u f f i c i e n t  f o r c e  t o  overcome t h e  p re s su re  d i f f e r e n t i a l  ac ros s  t h e  f law could b e  
obta ined  only a t  h igh  f requencies ;  Fig.  13c shows t h e  flawed a r e a  moderately 
w e l l  de f ined  a t  156 KHz,  whi le  F ig .  13d shows only  t h e  edge of t h e  flaw between 
t h e  t r ansduce r  and t h e  flaw a t  206 KHz. 
Previous t e s t s  had shown t h a t  t h e  range o f  f requencies  over which a f l aw  
could j u s t  b e  de t ec t ed  was n e a r l y  one oc tave .   o or example, a f l aw  whose 
sma l l e s t  dimension was on t h e  o rde r  of  0.625 cm was de t ec t ab le  over  a frequency 
range from 50 KHz t o  100 KHz.) To t h e  e x t e n t  t h a t  t h i s  i s  c o r r e c t  f o r  a l l  samples,  
it should  b e  p o s s i b l e  t o  e x c i t e  t h e  sma l l e s t  f law a t  t h e  g r e a t e s t  p o s s i b l e  depth 
at i t s  fundamental resonance and a l l  l a r g e r  flaws should have t h e  same mode o r  a 
h ighe r  mode at t h a t  frequency. To t e s t  t h i s  p o s s i b i l i t y  and a l s o  t o  t e s t  t h e  use 
o f  non-bonded t r ansduce r s ,  an exponent ia l  horn was f a b r i c a t e d  t o  couple a t r a n s -  
ducer t o  Tes t  P i ece  No. 12 .  The fundamental resonant  frequency of  t h e  f law i n  
t h e  t h i r d  p l y  w a s  es t imated  t o  b e  50 KHz and t h e  f law i n  t h e  n i n t h  p l y  t o  be  70 
KHz. The peak-to-peak amplitude r equ i r ed  t o  overcome t h e  e f f e c t s  o f  ambient 
p re s su re  was c a l c u l a t e d  t o  be 1 . 2  and 5 microns f o r  t h e  t h i r d  and n i n t h  p l y  flaws 
r e s p e c t i v e l y .  
With t h e  horn coupler  p laced  on t h e  s u b s t r a t e  behind t h e  two flaws ( ~ i g .  1 3 b ) ,  
and d r iven  at 52 KHz, t h e r e  was a f i v e  f r i n g e  peak-to-peak displacement i n  t h e  
a r e a  of t h e  f law i n  t h e  t h i r d  p l y  and t h e  f r i n g e s  were q u i t e  symmetrical i n  
shape a s  shown i n  F ig .  14a .  When t h e  amplitude was increased  t o  produce t e n  
f r i n g e s  on a peak-to-peal< displacement of  3 microns, t h e  f r i n g e s  began t o  d i s p l a c e  
along t h e  h o r i z o n t a l  ax i s  which tends  t o  show t h e  s t a r t  of independent motion of  
t h e  f 1 a . w  i n  t h e  n in th  ply; thi .s  i s  il.l_u.stra,ted i n  F ig ,  l h b ,  The d r ive  frequency 
was then  changed t o  e l imina te  t h e  t e s t  p i ece  p l a t e  rnodes i n  o rde r  t o  demonstrate 
t h e  p o t e n t i a l  advantage i n  flaw d e f i n i t i o n  l ~ h i c h  could be obta ined  by us ing  
t r a v e l i n g  waves f o r  t h i s  type  of  NVDT; t h i s  i s  i l l u s t r a t e d  i n  Fig. 14c .  
NASA Flaw Sample 
Further evaluation of the non-bonded transducer technique was performed with 
a NASA supplied sample. It consisted of boron epoxy prepreg bonded t o  a titanium 
substrate with flaw locations and s izes ,  viewed from the prepreg s ide,  as shown 
i n  Fig. 15a. The flaws are  4 m i l  thick resistance welded s ta in less  s t e e l  bags. 
From top t o  bottom the horizontal rows of flaws are mounted i n  successively 
deeper p l ies .  The plate  was driven, with the  transducer horn coupler, a t  52 KHz 
near the center of the plate  and the delineation of the flaws from the holographic 
reconstruction i s  clear ly shown i n  Fig. 15b. The flaw i n  the lower left-hand 
corner i s  not c lear ly ident i f ied,  but i t s  calculated fundamental resonant frequency 
i s  70 KHz; it i s  probable tha t  i f  such an excitation frequency had been used, 
a l l  the flaws would have been ident i f ied.  
THERF/IAL STRESSING AND REAL-TIME HOLOGRAPHY 
In  add i t ion  t o  t h e  u l t r a s o n i c  work, and under Corporate funding, another  
form of low-level s t r e s s i n g  ( thermal)  was s tud ied  as  a  p o t e n t i a l  technique f o r  
de tec t ing  disbonds i n  boron-epoxy prepreg bonded t o  an aluminum s u b s t r a t e .  The 
technique involves e s t a b l i s h i n g  a  mild thermal gradient  ( A T  = 5 ' ~ )  i n  a  t e s t  
piece of  composite ma te r i a l  and observing, i n  rea l - t ime,  t h e  r e s u l t i n g  holographic 
f r i n g e  p a t t e r n .  The real- t ime holographic process i s  used as  it permits  changes 
i n  t h e  f r i n g e  p a t t e r n  t o  be observed as a  funct ion  of  time and a s  such, f a c i l i t a t e s  
de tec t ion  of any su r face  v a r i a t i o n s .  
The thermal gradient  i s  e s t ab l i shed  by r a p i d l y  hea t ing  t h e  prepreg s u r f a c e  
with a  tungsten iodide  lamp, and a i r  cooling t h e  aluminum surface  (holographic 
observat ion i s  on t h e  prepreg s i d e ) .  I n  t h i s  manner, any i n t e r r u p t i o n  i n  t h e  r a t e  
of hea t  conduction through t h e  sample, caused by a  flaw o r  void i n  t h e  bond, 
w i l l  r e s u l t  i n  a  change i n  t h e  thermal expansion o r  cont rac t ion  of t h e  su r face  i n  
t h e  flawed regions.  These minute su r face  v a r i a t i o n s  can then be de tec ted  as 
i r r e g u l a r i t i e s  i n  t h e  holographic in t e r fe romet r i c  f r i n g e  p a t t e r n .  
Test  Pieces 1, 2,  3 and 4 were used t o  evalua te  t h i s  technique. I n  t h e  
experimental s e tup ,  t h e  sample was clamped between an a i r  cooled copper h e a t  s ink  
and a  p iece  of p l e x i g l a s s .  The p lex ig la s s  served two purposes: 1) it provided 
the  sample wi th  even contac t  t o  t h e  hea t  s i n k ,  thus  e l iminat ing  improper contac t  
a s  a  poss ib le  cource of  in t e r fe romet r i c  f r i n g e  i r r e g u l a r i t i e s ;  and 2 )  it reduced 
thermal bowing due t o  d i f f e rences  i n  t h e  expansion c o e f f i c i e n t s  of  t h e  boron- 
epoxy and aluminum, which would c r e a t e  a  f r i n g e  p a t t e r n  of  i t s  own, tending t o  
mask t h e  smal ler  sur face  changes caused by t h e  flaw. It should be noted t h a t  t h e  
use of a  hea t  s i n k  and t h e  p lex ig la s s  sur face  clamp would not  be necessary i n  a  
l a r g e  sample where t h e  more r a p i d  flow of hea t  i n  t h e  sample would t end  t o  negate 
t h e  f r i n g e  e f f e c t s  mentioned above. 
A t y p i c a l  experimental r e s u l t  on Test  Piece 1 i s  presented i n  Fig.  16,  which 
shows a  photographic sequence made on t h e  real- t ime holographic s e t  up, m e  
photographs were recorded,  a f t e r  mild thermal s t r e s s i n g ,  immediately a f t e r  and a t  
5 minute i n t e r v a l s  a s  t h e  sample was cooling. As can be seen,  t h e  t e s t  p i ece  has 
a  f a i r l y  uniform f r i n g e  p a t t e r n  over t h e  sample sur face  except i n  t h e  region  of 
t h e  programmed flaw. In  t h i s  a rea  t h e  f r inge  dens i ty  i s  much h igher  and t h e  shape 
of t h e  f r inges  h ighly  i r r e g u l a r .  This i n d i c a t e s  t h a t  the re  i s  a  g r e a t e r  su r face  
expansion i n  t h i s  region where t h e  hea t  conduction i s  l e s s  r a p i d ,  a s  would be 
expected f o r  an a i r  gzp type flaw. I n  add i t ion  t o  t h e  s t i l l  photographs, a 16  mm 
black and white  movie was made of t h e  t e s t  p iece  while it was being thermally 
s t r e s s e d  i n  t h e  holographic se tup .  Analysis o f  t h e  f i lm  showed t h a t  the  debonded 
region could be observed rriuch rnore rea,dily the first, f e ~ r  seconds a f t e r  therrna,l. 
stressing because of the dynamic character of the Cringes, From thesc  results i t  
would appear t h a t  t h e  s t i l l  photographs, a s  w e l l  a s  l a t t e r  po r t ions  of  t h e  movie, 
do not  dep ic t  t h e  debonded reg ion  as  d-ramatically a s  does dynamic f r i n g e  observa,- 
t i o n  immediately a f t e r  thermal  s t r e s s i n g .  
The t e s t i n g  of  Samples 2 ,  3 and 4 by thermal ly  s t r e s s i n g  them between t h e  
a i r  cooled copper h e a t  s i n k  and t h e  p i ece  o f  p l e x i g l a s s  showed negat ive  r e s u l t s .  
No debonds were ev iden t  by e i t h e r  v i s u a l  rea l - t ime observa t ion  o r  i n  t h e  16 mm 
movies made during t h e  t e s t s .  It was concluded t h a t  t h e  nega t ive  r e s u l t s  were 
caused by l a c k  o f  a s u f f i c i e n t  thermal  g rad ien t  ac ros s  t h e  t e s t  p i eces .  This  
problem d i d  no t  a r i s e  when Test  P iece  No. 1 was t e s t e d  i n  t h i s  manner s i n c e  it 
had an a i r  gap a s  a bond f law,  and t h e  h e a t  t r a n s f e r  across  t h e  de fec t  was 
d r a s t i c a l l y  d i f f e r e n t  t han  i n  t h e  surrounding m a t e r i a l .  However, i n  Tes t  P ieces  
2 ,  3 and 4 t h e  bond flaws were vacuum vo ids ,  produced by t h e  i n s e r t i o n  of  welded 
s t a i n l e s s  s t e e l  bags (3,  4) o r  a Mylar d i s c  ( 2 )  i n t o  t h e  t e s t  p i e c e ,  r a t h e r  t han  
a i r  gaps. For such a  f law,  t h e  h e a t  t r a n s f e r  i n  t h e  debonded reg ion  i s  n o t  much 
d i f f e r e n t  t han  i n  t h e  surrounding m a t e r i a l  and t h u s ,  t o  d e t e c t  t h e  f laws ,  a 
s t r o n g e r  thermal  g rad ien t  i s  r equ i r ed .  However, it was impossible  t o  apply  a 
s t r o n g e r  thermal  g r a d i e n t  t o  t h e  sample whi le  it was clamped between t h e  copper 
h e a t  s i n k  and t h e  p l e x i g l a s s  f o r  two reasons :  1) t h i s  arrangement prevented t h e  
a p p l i c a t i o n  of  h e a t  d i r e c t l y  t o  t h e  sample; and 2 )  thermal  bowing, though 
r e s t r i c t e d  somewhat by t h e  clamping arrangement could  not  be e n t i r e l y  prevented  
a t  t h e  temperature d i f f e r e n c e s  r equ i r ed  t o  e s t a b l i s h  a  s u f f i c i e n t  thermal  g r a d i e n t .  
I n  o r d e r  t o  apply t h e  r equ i r ed  g r a d i e n t ,  and s t i l l  e l imina te  t h e  thermal  
bowing, a new clamping and thermal  s t r e s s i n g  technique was devised.  The clamping 
technique cons i s t ed  o f  r i g i d l y  secu r ing  one end o f  t h e  t e s t  p i ece  and then  pre-  
s t r e s s i n g  t h e  p i e c e ,  by applying a  f o r c e  t o  t h e  oppos i te  end, be fo re  making t h e  
rea l - t ime hologram. The fo rce  i s  app l i ed  i n  o r d e r  t o  bow t h e  t e s t  p i ece  i n  t h e  
same d i r e c t i o n  a s  it would bow upon h e a t i n g  o r  cool ing.  Thus thermal  bowing o f  
t h e  t e s t  p i ece  when h e a t  i s  app l i ed  o r  removed w i l l  b e  minimized u n t i l  t h e  pre- 
app l i ed  s t r e s s  i s  overcome. The thermal  g rad ien t  was app l i ed  by coo l ing  t h e  
aluminum s i d e  o f  t h e  t e s t  p i ece  wi th  l i q u i d  n i t rogen  cooled air  and h e a t i n g  t h e  
prepreg  s i d e  wi th  a tungs t en  iod ide  lamp. I n  t h i s  manner, a  temperature g r a d i e n t  
o f  approximately 10' t o  1 5 O ~  was produced. 
Tes t  P iece  No. 4 was used t o  eva lua t e  t h i s  technique .  Visua l  observa t ion  
of  t h e  t e s t  p i ece  under rea l - t ime holographic condi t ions  showed t h a t  t h e  debond 
reg ions  could be  observed,  b u t  only a f t e r  t h e  lamp had been removed and t h e  sample 
was cool ing .  I n  an equ i l i b r ium s t a t e  t h e  f l a w s  were not  observed. 
This  technique was a l s o  app l i ed  t o  t h e  NASA t e n s i l e  t e s t  specimen; a  30 x 5 
cm boron-epoxy prepreg  and aluminum pane l .  The panel  had an Elox s l o t  i n  t h e  
aluminum s u b s t r a t e  and had been sub jec t ed  t o  c y c l i c  loading  causing a  crack t o  
develop and propagate  outward a,pproxima,tely 1 , 2 5  cm from e i t h e r  end of t h e  s l o t .  
Because or" t h e  o v e r a l l  s i z e  of' t h e  sample no s p e c i a l  cons idera t ions  had to  be 
given t o  prevent  thermal  bowing o r  i nc rease  t h e  hea t  flow  hen e s t a b l i s h i n g  t h e  
thermal g rad ien t .  The sample was l o o s e l y  clamped. a t  both  end-s a,nd a  g r a d i e n t  
e s t a b l i s h e d  by Flowing acetone onto t h e  aluminum s u r f a c e  ( t h e  evxporat ion of  Lhe 
acetone causes a  mild cool ing  t o  t ake  p l a c e ) .  I n  t h i s  manner, an e l l i p t i c a l  
f law,  approximately 2.0 x l , O  cm and centered  about t h e  Elox s l o t  w i t h  t h e  major 
a x i s  p a r a l l e l  t o  t h e  c rack ,  was observed. 
I n  conclusion,  t h i s  technique sugges ts  one p o t e n t i a l l y  a t t r a c t i v e  method 
f o r  t h e  even tua l  es tab l i shment  of  a  p r a c t i c a l  ho lographic  i n spec t ion  system. The 
main advantage of  t h e  method i s  t h e  extreme ease  o f  app l i ca t ion .  However, a  d i s -  
advantage i s  t h a t  thermal  s t r e s s i n g  does n o t  d e l i n e a t e  t h e  flawed reg ion  as w e l l  
a s  acous t i c  s t r e s s i n g  and it i s  d i f f i c u l t  t o  determine t h e  depth of  t h e  flawed 
a rea .  Add i t i ona l ly ,  t h e  technique r e q u i r e s  t h e  use  o f  real- t ime holography and 
observa t ion  of  a dynamic f r i n g e  p a t t e r n .  The d i r e c t  observa t ion  o f  t h i s  t y p e  o f  
p a t t e r n  over  a p e r i o d  of t ime ,  a s  would b e  r equ i r ed  i n  an in spec t ion  procedure,  
becomes extremely f a t i g u i n g  . 
TBFRMAT, MAPPING WIT13 AJI TLR SCANNING CA-MERI? 
In  addi t ion  t o  t h e  u l t r a son ic  exc i t a t ion  and thermal gradient  i n v e s t i g a t i o n s ,  
an i n f r a r e d  (IR) scanning camera was used t o  examine Test Piece Nos. 1, 4, 5 ,  7 
and 8 and t h e  NASA Tensi le  Test  Specimen. The technique i s  s imi la r  t o  t h e  pre- 
ceding thermal holographic work i n  t h a t  a temperature gradient  i s  e s t ab l i shed  i n  
t h e  t e s t  piece.  However, t h e  I R  camera records t h e  su r face  temperature o f  the  
t e s t  p iece ,  r a t h e r  than t h e  surface  displacement, and requi res  a l a r g e r  thermal 
gradient  (approximately 50 '~ )  t o  work e f f e c t i v e l y .  The thermal gradient  i s  
appl ied  by heat ing t h e  aluminum surface  of t h e  composite sample with a ho t  p l a t e ,  
o r  tungsten iodide  lamp, and cooling t h e  prepreg surface  with a room temperature 
a i r  blower. 
Test Piece Nos. 1, 4 ,  5 ,  7 and 8 a l l  showed ind ica t ion  of  a lower surface  
temperature (darker  a r e a )  a t  the  flawed regions when t e s t e d  i n  t h i s  manner. A l l ,  
however, were not marked ind ica t ions  of  t h e  flaws bu t  were ba re ly  d iscernable  
from t h e  background noise .  Polaroid photographs were taken of  t h e  scanning 
camera's d isplay  osc i l loscope and represen ta t ive  r e s u l t s  f o r  Test Piece Nos. 4 and 
5 a r e  presented i n  Fig.  17 and Test Piece Nos. 7 and 8 a r e  presented i n  Fig .  18. 
As can be  seen i n  Fig .  17 t h e  flaws a r e  bare ly  v i s i b l e ;  however, it can be  
not iced  t h a t ,  i n  genera l ,  t he  s t a i n l e s s  s t e e l  bag flaws a r e  more v i s i b l e  than t h e  
Mylar flaws. This i s  a t t r i b u t e d  t o  t h e  d i f ferences  i n  thermal conduction between 
t h e  two types of mater ia ls .  In  Fig. 1 8  only t h e  l a r g e r  of t h e  t h r e e  flaws i n  
Test Piece 7 i s  v i s i b l e .  The two smaller  flaws could be  detec ted  only wi th  a 
g rea t  degree of d i f f i c u l t y  using various heat ing  and cooling conf igura t ions ;  
however, t h e  t h r e e  flaws were never de tec ted  simultaneously. The primary reason 
f o r  t h i s  was t h a t  t h e  same temperature could not  be e s t ab l i shed  over t h e  e n t i r e  
t e s t  p iece .  In Test Piece 8 both flaws were detec table  simultaneously. A s  seen 
i n  Fig. 18 ,  the  flawed a rea  a t  t h e  top  i s  somewhat darker (lower surface  tempera- 
t u r e )  than t h e  flawed a rea  a t  the  bottom. This suggests  t h a t  t h e r e  i s  a s l i g h t  
d i f f e rence  i n  thermal conductivi ty between t h e  UARL manufactured s t a i n l e s s  s t e e l  
bag ( t o p )  and the  NASA manufactured bag (bottom). A poss ib le  cause f o r  t h i s  
d i f f e rence  could be t h e  amounts of r e s idua l  gas l e f t  i n  the  s t a i n l e s s  s t e e l  bags 
a f t e r  evacuation. 
The detec t ion  of a l l  of the  above flaws i s  somewhat e a s i e r  by d i r e c t  
observation of t h e  d isplay  scope s ince  t h e  eye has a g r e a t e r  i n t e n s i t y  l a t i t u d e  
than photographic f i lm;  bu t  i n  a l l  of these  cases t h e  flaw d e f i n i t i o n  i s  poor. 
In  addi t ion  t o  the  recording problem, not  a l l  of t h e  defec ts  a r e  v i s i b l e  a t  t h e  
same t ime,  as  i n  Test Piece 7. Dif ferent  heat ing  and cooling configurat ions were 
requi red  i n  order  t o  p o s i t i v e l y  i d e n t i f y  any one defect  we l l .  
F ina l ly ,  the  flaw i n  t h e  NASA Tensile  Test Specimen wads not d.eteeta,ble using 
t h e  IR s eaniiing camera ieehniqil.e, 
CONCLUDING REMARKS 
The r e l i a b i l i t y  of i d e n t i f y i n g  unbonded areas  i n  t h i n  composites i s  dependent 
upon t h e  a b i l i t y  t o  e x c i t e  a mode which i s  unique t o  t h e  p l a t e  a rea  above t h e  
disbond. The resonant frequency of any such mode (one which can be generated i n  
a p l a t e  above an unbonded a r e a )  i s  d i r e c t l y  p ropor t iona l  t o  t h e  p l a t e  th i ckness ,  
i nve r se ly  propor t ional  t o  t h e  a r e a  of unbond, and a funct ion  of t h e  dimension 
along t h e  f i b e r  a x i s  (high modulus a x i s )  as  descr ibed  below. The minimum 
frequency a t  which it might be poss ib le  t o  de tec t  a l l  s i g n i f i c a n t  unbonded areas  
must be determined by t h e  resonant  frequency of  t h e  sma l l e s t  s i g n i f i c a n t  a r e a  a t  
t h e  g r e a t e s t  poss ib le  depth. 
I n  boron and carbon epoxy matr ixes ,  t h e  mechanical Q's* have been 
found t o  be q u i t e  low. Consequently, i f  t h e  smal les t  a r e a  of i n t e r e s t  i s  dr iven 
with s u f f i c i e n t  amplitude t o  produce a few i n t e r f e r e n c e  f r i n g e s ,  a l l  l a r g e r  a reas  
w i l l  a l s o  be  i d e n t i f i a b l e  i n  t h a t  mode o r  a h igher  order  mode. I f  t h e  boron 
prepreg i s  considerably t h i c k e r  than t h e  s u b s t r a t e ,  some unbonded areas  may be 
more e a s i l y  de tec ted  on t h e  s u b s t r a t e  s i d e ;  i n  such a case ,  two d i f f e r e n t  
e x c i t a t i o n  frequencies may be requi red .  I n  ma te r i a l s  wi th  high mechanical Q ' s ,  
such as b o r s i c  aluminum matr ixes ,  it may be necessary t o  l i m i t  t h e  amplitude of  
d r ive  t o  prevent l o s s  of  r e s o l u t i o n  i n  t h e  hologram. Consequently, h igher  modes 
may not  become de tec tab le  before  t h e  lower order  modes a r e  l o s t ;  i n  such a case 
a d d i t i o n a l  e x c i t a t i o n  frequencies may be necessary t o  d e t e c t  a l l  unbonded areas  
of i n t e r e s t .  I n  s t r u c t u r e s  with u n i a x i a l  f i b e r s ,  t h e  minimum frequency i s  
determined by t h e  s h o r t e s t  poss ib le  unbonded l eng th  along t h e  f i b e r  axis  s ince  
t h a t  modulus i s  much g r e a t e r  than  along t h e  a x i s  perpendicular  t o  t h e  f i b e r .  
Consequently, t h e  minimum frequency can be ca lcu la t ed  with s u f f i c i e n t  accuracy 
e i t h e r  by considering t h e  l eng th  along t h e  f i b e r  a s  a b a r  clamped a t  both ends o r  
a clamped c i r c u l a r  p l a t e  wi th  t h a t  diameter.  
I f  t h e  unbonded a r e a  i s  a good vacuum, o r  i f  t h e  "unbonded" area  i s  r e a l l y  
a very weak bond, s u f f i c i e n t l y  high e x c i t a t i o n  amplitudes must be used t o  " re lease"  
t h e  unbonded a rea .  For example, t h e  0.625 x 1.875 cm s t a i n l e s s  s t e e l  bag l o c a t e d  
i n  t h e  t h i r d  p l y  (from t h e  s u b s t r a t e )  of a t e n  p l y  prepreg,  with t h e  1.875 cm 
dimensions along t h e  f i b e r  a x i s ,  would have a resonant  frequency of 50 KHz, 
and a t  t h a t  frequency a peak-to-peak amplitude of 1 . 2  microns would be requi red  
t o  sepa ra te  t h e  bag w a l l s .  It has been shown t h a t  de tec t ion  i s  more c e r t a i n  i f  
t h e  composite p iece  i s  exc i t ed  i n  such a way t h a t  it i s  no t  a t  resonance. I n  
t h i s  case ,  t h e  v ib ra t ions  above t h e  unbonded areas  w i l l  no t  be obscured. This 
may be accomplished by e i t h e r  damping t h e  edges of  t h e  p iece  o r  using a non- 
resonant e x c i t a t i o n  frequency. However, i n  t h i s  case ,  t h e  d r ive  must be doubled. 
The ~iicchaniea?. Q i s  defined ads t h e  Frequency r a , t i o  f /AT, w h e r e  f is the fre P P quency a t  t h e  peak v i b r a t i o n a l  amplitude, and Af i s  t h e  d i f ference  between the 
frequencies f o r  which t h e  v i b r a t i o n a l  amplitude i s  0.707 of t h e  peak amplitude 
on e i t h e r  s i d e  of resonance. 
A prac t ica l  way of coupling the output of a very large transducer, one tha t  could 
not be attached t o  a piece for  f l e w r a l l y  generated vibrations,  i s  t o  use the 
exponential horn device described e a r l i e r .  However, the amplitude of vibration 
produced by the exponential coupler cannot be greater than the transducer amplitude 
fo r  an area greater than the transducer cross sectional area. Nevertheless, the 
t e s t  area can be s ignif icant ly increased i n  t h i s  way, and the t e s t  time, i n  a 
prac t ica l  s i tuat ion,  decreased considerably. 
Much of the flaw ident i f icat ion obtained with bonded flexure transducers 
was not as cer tain as would be desired. The use of vacuum unbonds required high 
amplitude drive with resul t ing thermal dis tor t ions.  In some cases, when the 
excitation was continued u n t i l  thermal equilibrium was established, the bond 
strength of the transducer was reduced. This was, however, a useful way of 
obtaining frequency information without fabricating a large number of transducers. 
On the other hand, the  data obtained with the exponential horn coupler was f a r  
more definit ive; no thermal problems were introduced, the bonding process was 
eliminated, greater amplitude drive was possible, and the resu l t s  demonstrated 
only begin t o  approach the potent ial  quality of a system designed on the basis  
of t h i s  investigation. 
The establ ishment  of a  p r a c t i c a l  holographic inspect ion  system w i l l  r e q u i r e  
an i n v e s t i g a t i o n  of various simple methods f o r  in t roducing high frequency acous t i c  
energy i n t o  a  t e s t  specimen and t h e  a p p l i c a b i l i t y  of  these  methods t o  l a r g e  
composite s t r u c t u r e s .  A p r a c t i c a l  method f o r  in t roducing acous t ic  energy would 
be one i n  which no adhesive bonds a r e  made t o  t h e  t e s t  specimen and one i n  which 
complete mobi l i ty  i s  afforded.  The amount of energy which can be introduced 
i n t o  a t e s t  specimen i s  another  p r a c t i c a l  cons idera t ion  s ince  t h e  inspec t ion  of 
l a r g e  s t r u c t u r e s  w i l l  n e c e s s i t a t e  t h e  use of  t r a v e l i n g  acous t i c  waves a s  opposed 
t o  s tanding acous t i c  waves, which were u t i l i z e d  f o r  t h e  major po r t ion  o f  t h e  
present  work. The prel iminary s t u d i e s  with a  nonbonded exponential  horn,  during 
t h e  course of  t h e  present  c o n t r a c t ,  gave evidence of being one p o t e n t i a l  s o l u t i o n  
t o  t h e  problem. 
Two f u r t h e r  a reas  of i n t e r e s t  a r e :  a  study of  t h e  e f fec t iveness  of t h e  
technique a s  appl ied  t o  d i f f e r e n t  ma te r i a l s  (metal  matr ix  composites and polyimide 
s t r u c t u r e s  a r e  two p o t e n t i a l  m a t e r i a l  candidates which should be  given considera- 
t i o n ) ;  and, an evalua t ion  of t h e  a p p l i c a b i l i t y  of  t h e  method t o  l a r g e  composite 
s t r u c t u r e s .  
I n  add i t ion  t o  developing a  p r a c t i c a l  inspect ion  technique,  evalua t ion  a s  
t o  t h e  e f f e c t  disbonds have on t h e  o v e r a l l  s t r eng th  of  a  composite m a t e r i a l  should 
a l s o  be  made. Without such an eva lua t ion ,  a  dec is ion  of acceptance o r  r e j e c t i o n  
of  a p a r t i c u l a r  composite s t r u c t u r e  cannot be made e f f e c t i v e l y  s ince  t h e  ex i s t ence ,  
and de tec t ion ,  of a  bond flaw would n o t ,  a  p r i o r i ,  impair t h e  o v e r a l l  s t r u c t u r a l  
i n t e g r i t y .  To j u s t  d i sca rd  a l l  p a r t s  found with flaws would be imprac t i ca l  s ince  
t h e  m a t e r i a l  and l a b o r  cos t s  i n  f a b r i c a t i n g  a  l a r g e  composite s t r u c t u r e  a r e  
extremely high.  Therefore, a  r e l a t i o n s h i p  between t h e  f law s i z e  and shape t o  
o v e r a l l  s t r u c t u r a l  s t r eng th  must be e s t ab l i shed .  One p o t e n t i a l  approach t o  t h i s  
problem would be an i n v e s t i g a t i o n  of s i n g l e  l a p  shear  specimens with varying 
a reas  of disbond. Holographic nondestruct ive t e s t i n g  of such samples should be  
combined wi th  des t ruc t ive  t e s t i n g  s t u d i e s  t o  e s t a b l i s h  t h e  proper  c o r r e l a t i o n  
f a c t o r s .  
F i n a l l y ,  cons idera t ion  should be  given t o  adapting t h e  technique f o r  
determining bond q u a l i t y ,  as  opposed t o  j u s t  cha rac te r i z ing  t h e  s i z e ,  shape and 
l o c a t i o n  of t o t a l  disbonds. A t  high e x c i t a t i o n  frequencies (above 100 KHz), 
t h e  absorpt ion  and complex modulus of  adhesive mater ia ls  cause phase and propaga- 
t i o n  changes i n  t h e  deformation of composite sur faces  which p o t e n t i a l l y  can be 
used t o  descr ibe  t h e  p roper t i e s  of t h e  forming s t r u c t u r e  of  t h e  composite. The 
physica,l p rope r t i e s  of most adhesives a r e  s i g n i f i c a n t l y  d i f f e r e n t  than m e t a l l i c  
s t r u c t u r a l  materia:.. The modulii span a  l a r g e  range and a r e  complex i n  na tu re ;  
t h a t  i s ,  upon acous t i c  e x c i t a t i o n  t h e  change i n  pressure  l a g s  t h e  change i n  
deformation due t o  viscosity and heat conduction losses.  Less than maximum 
adhesion w i l l  cause an apparent decrease i n  the adhesive modulus and, fo r  the 
same amplitude of vibration, the acoustic attenuation w i l l  be greater.  Decreases 
i n  cohesion also decrease the e l a s t i c  modulus and increase the attenuation. 
Preliminary study of increases i n  driving amplitude o r  duration of excitation 
have made these e f fec ts  evident. The phase lag,  due t o  the complex modulus of 
the adhesive, makes possible the simultaneous occurence of shear and longitudinal 
- 
stresses;  fur ther ,  the  frequency a t  which t h i s  occurs i s  a measure of the similar- 
i t y  between a t e s t  sample and an optimum (well bonded) sample. In summary, the 
evidence t o  date clear ly indicates tha t  fur ther  study of ultrasonic p la te  vibra- 
t ions,  together with interferometric holography, i n  composite structures offers  
considerable promise i n  the area of bond strength measurements. 
The ground work for  investigations i n  a11 of the above areas has been l a i d  
both previous to ,  and during the Jus t  completed contract period; consequently, 
the  continuing studies can be i n i t i a t e d  immediately. Indeed, they represent the 
logical  "next-steps1' i n  a continuing program t o  establish a prac t ica l  holographic 
inspection system fo r  composites. Therefore, it i s  recommended tha t  one o r  more 
of the following studies be pursued a t  t h i s  time. 
1 - Further study and development of an effectual  acoustic excitation 
technique, such as the horn drive system, t o  f a c i l i t a t e  implementation 
of the holographic nondestructive tes t ing  process. 
2 - Application of the technique t o  other composite materials. 
3 - Demonstration of the technique as applied t o  large composite structures.  
4 - An investigation t o  determine the relationship between composite shear 
strength and disbond character is t ics .  
5 - A f eas ib i l i t y  study t o  evaluate the applicabili ty of holographic non- 
destructive tes t ing  methods for  determining bond quality.  
APPENDIX I 
DESCRIPTIONS OF TEST SAMPLES FABRICATED AT 
UNITED AIRCRAFT RESEARCH LABORATORIES 
Test Piece 1. A t r i a n g l e  of Teflon was placed between t h e  prepreg ( 4  p l i e s  
of boron epoxy previously bonded) and an 0.8 mm th ick  aluminum 
subs t ra te .  The t r i a n g l e  had a 1.25 cm base and a 2.5 cm 
height  and was placed with i t s  base along one edge of  t h e  
sample. After  t h e  adhesive cured, t h e  Teflon was pu l l ed  from 
between the  prepreg and subs t ra te  leaving a void i n  the  bond. 
( ~ l t h o u g h  t h e  e n t i r e  piece was not  removed, probing with a small  
wire indicated  t h a t  a l a r g e  por t ion  had been removed. ) 
Test Piece 2. A s ing le  e l l i p t i c a l  flaw was programmed i n  t h e  sample i n  the  
following manner: a 1.875 cm diameter c i r c l e  was mil led out  of 
t h e  subs t ra te  mater ia l  (0 .8  rnm aluminum) t o  a depth of 0 . 1  mrn 
and a 1.875 cm diameter, 0.125 mm t h i c k  Mylar d i sc  was placed 
i n  t h e  cavi ty ;  a 1.25 cm diameter por t ion  i n  the  center  of 
t h e  mylar was clamped while the  ou te r  annulus was bonded t o  
t h e  aluminum. Some adhesive d id  flow under the  clamped area  
and t h e  f i n a l  area  of debond was an e l l i p s e  with axes of 
approximately 0.5 x 0 .8  cm. No separa t ion between t h e  mylar 
and t h e  aluminum could be detected while viewing t h e  unbonded 
a rea  with a microscope during f l ex ing  of the  aluminum. Af te r  
inspect ion,  t h e  defect  a rea  was abraded u n t i l  it was nea r ly  
even with t h e  remainder of t h e  sample, and t h e  4-ply boron 
prepreg l ayer  was then bonded t o  the  defect  s ide  of t h e  
subs t ra te .  
Test Piece 3. Three programmed rectangular  flaws (e lec t ron  beam welded 
s t a i n l e s s  s t e e l  bags)  were incorporated i n  t h e  sample by 
c u t t i n g  out corresponding areas i n  t h e  boron prepreg p l y  
adjacent  t o  t h e  0.8 mm t h i c k  aluminum subs t ra te .  Two of t h e  
flaws were approximately 1 x 1 cm and t h e  t h i r d  was approximately 
1 x 0.5 cm. The sample was prepared by t h e  two-step bonding 
process. 
Test Piece 4 ,  Similar  t o  t e s t  piece 3 with t h e  exception t h a t  one of t h e  1 x 1 
cm flaws i n  t h e  f i r s t  p ly  was removed and an 0.5 x 0 . 3  cm 
s t a i n l e s s  s t e e l  bag was incorporated i n  t h e  t h i r d  p l y ,  counting 
from t h e  s u b s t r a t e ,  In a d d i t i o n ,  t h e  s u b s t r a t e  was tw ice  
a s  t h i c k  (1.6 rm) and the sarp1e was f a b r i c a t e d  i n  a, one-step 
bonding process,  
Test Piece 5. 
Test Piece 6. 
Test Piece 7. 
Test Piece 8. 
Test Piece 9.  
Test Piece LO. 
Two 0.025 mm thick Mylar patches were bonded to,'- 0.8 mm 
th ick aluminum substra te  using the clamping procedure employed 
f o r  Test Piece No. 2. The la rge  m l a r  flaw was 1.25 cm i n  dia- 
meter, and the small Mylar flaw was 0.625 cm i n  diameter. Also 
included i n  t h i s  sample was a s t a in l e s s  s t e e l  bag. 
One programmed rectangular flaw was incorporated i n  the  sample 
i n  the  following manner: t he  flaw was created by cu t t ing  a 
1.25 x 1.25 cm piece of material  out of a sheet adhesive 
(B. F. Goodrich Plast i lock 729) used t o  bond the prepreg 
material  (4 p l i e s  of previously bonded boron epoxy) t o  a 1 . 5  mm 
thick glass substra te ,  which had been previously sprayed with 
a re lease  agent a t  t he  locat ion of the flaw. 
Three programmed rectangular flaws (0.5 x 0.5 cm, 1 x 0.5 cm 
and 1 x 1 cm electron beam welded s ta in less  s t e e l  bags) were 
incorporated i n  the  sample by cut t ing out corresponding areas 
i n  the  ply adjacent t o  the  substra te  and bonding f ive  p l i e s  
of boron epoxy prepreg t o  an 0.75 mmtitanium substra te  i n  a 
one-step process. 
Two programmed rectangular flaws (0.8 x 1.25 cm s t a in l e s s  
s t e e l  bags) were incorporated i n  a sample consist ing of f i v e  
p l i e s  of boron epoxy prepreg bonded t o  an 0.8 mm thick 
aluminum substra te  i n  a one-step process. One of the s t a in l e s s  
s t e e l  bags was fabricated by electron beam welding and the  
other,  supplied by NASA, by res is tance welding. Both bags had 
been evacuated: one by v i r tue  of the  electron beam welding 
process; and the other by evacuation a f t e r  an i n i t i a l  res is tance 
welding step.  
A s ingle  programmed rectangular flaw (approximately 2.5 x 2.5 
cm electron beam welded s t a in l e s s  s t e e l  bag) was incorporated 
i n  the  f i r s t  ply of a sample consist ing of 10 p l i e s  of boron 
epoxy prepreg bonded t o  an 0.8 mm thick aluminum substra te  i n  
a one-step process. 
Three programmed rectangular flaws (0.5 x 0.625 cm, 0.5 x 1 cm, 
and 1 x 1 cm electron beam welded s ta in less  s t e e l  bags ) were 
incorporated i n  the  sample by cut t ing out corresponding areas 
i n  the  ply adjacent t o  the  substra te  and bonding f ive  p l i e s  of 
carbon epoxy prepreg t o  an 0.75 mm thick titanium substra te  
i n  a one-step process. The carbon prepreg was manufactured by 
impregnating Thornel T-50s graphite yarn (modulus = 58 x 10 6 
p s i )  with 2256 Bakelite ree in  and 0820 Bakelite hardener. 
Test Piece 11. 
Test Piece 12. 
Three programmed rectangular flaws (0.5 x 0.625 cm, 1.25 x 
1.25 cm, and 0.5 x 1 cm electron beam welded s tainless  s t e e l  
bags) were incorporated i n  a sample consisting of f ive cross 
p l i e s  of boron epoxy prepreg bonded t o  an 0.8 mm thick aluminum 
substrate i n  a one-step process. The successive p l ies  from the 
substrate t o  the surface were oriented a t  oO, 45O, PO0, 13T0, 
and OO. A s  i n  Test Piece No. 10, t he  flaws were incorporated 
i n  the ply adjacent t o  the substrate by cutting out areas 
corresponding t o  the s ta in less  s t e e l  bag dimensions. 
Four programmed rectangular flaws were incorporated i n  a sample 
consisting of 10 p l i e s  of boron epoxy prepreg bonded t o  a 10 x 
15 cm aluminum substrate of 0.8 mm thickness. The sample was 
fabricated by cutting out an area f o r  each of the four flaws 
i n  various p l ies  and inser t ing an electron beam welded s t a in l e s s  
s t e e l  bag of equal area and bonding a l l  10 p l ies  t o  the sub- 
s t r a t e  i n  a one-step process. The flaws were positioned i n  the 
sample i n  the following manner: a 1.25 x 1.875 cm flaw i n  the  
f i r s t  ply; an 0,625 x 1.875 cm flaw i n  the th i rd  ply; an 0.625 
x 1.875 cm flaw i n  the s ixth ply; and an 0.625 x 1.875 cm f l a w  
i n  the  ninth ply. The flaws i n  the f i r s t  and s ix th  p l i e s  were 
near the  ends of the t e s t  piece. The flaw i n  the th i rd  p ly  
was a t  the center of the t e s t  piece with the long dimension 
(1.875 cm) perpendicular t o  the f ibers ,  and the flaw i n  the  
ninth ply was located symmetrically over the flaw i n  the t h i r d  
ply, but with i t s  long dimension pa ra l l e l  t o  the f ibers .  
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